Eye lens ␣-crystallin is a member of the small heat shock protein (sHSP) family and forms large multimeric structures. Earlier studies have shown that it can act like a molecular chaperone and form a stable complex with partially unfolded proteins. We have observed that prior binding of the hydrophobic protein melittin to ␣-crystallin diminishes its chaperone-like activity toward denaturing alcohol dehydrogenase, suggesting the presence of mutually exclusive sites for these proteins in ␣-crystallin. To investigate the mechanism of the interaction between ␣-crystallin and substrate proteins, we determined the melittin-binding sites in ␣-crystallin by cross-linking studies. Localization of melittin-binding sites in ␣-crystallin resulted in the identification of RTLGPFYPSR and FVIFLDVKHFSPEDLTVK of ␣A-crystallin and FSVNLDVK of ␣B-crystallin as the chaperone sites. Of these sites, FVIFLDVKHFSPEDLTVK and FSVNLDVK were identified earlier as 1,1-bi(4-anilino) naphthalene-5,5-disulfonic acid (bis-ANS)-binding hydrophobic sites. Here we also report the synthesis and characterization of the peptide, KFVIFLDVKHFSPED-LTVK, having the melittin as well as bis-ANS-binding sequence of ␣A-crystallin. We show that this peptide has characteristics similar to that of ␣A-crystallin by in vitro thermal aggregation assay, gel filtration study, CD spectroscopy, and bis-ANS interaction studies. The peptide sequence corresponds to the ␤3 and ␤4 region present in the ␣-crystallin domain of sHSP 16.5. We hypothesize that the ␣-crystallin domain in other sHSPs may have a similar function and would likely possess the anti-aggregation property even when separated from the native protein.
Small heat shock proteins (sHSP) 1 are a diverse group of proteins expressed in high amounts in all organisms tested to date (1) . ␣-Crystallin, the most abundant of the lens proteins, belongs to this group due to its structural and functional similarities (2) . ␣-Crystallin is composed of ␣A and ␣B subunits of ϳ20 kDa each and exists as a polydisperse oligomer with an average molecular mass of 800 kDa (3) . Despite extensive studies carried out in the past, the quaternary structure or the structure-function of ␣-crystallin or its subunits has remained an enigma. The available data suggest that the protein has high amounts of ␤-sheets. The ␣-crystallin subunits, once thought to be lens-specific, are now widely known to be present in other tissues as well (4, 5) . Like all other heat shock proteins ␣-crystallin also displays chaperone-like activity and forms stable complexes with a wide variety of chemically or thermally denatured proteins (6 -9) . Both A and B subunits in ␣-crystallin participate in chaperone-like activity display (10) .
It has been reported that ␣-crystallin isolated from aged lenses has decreased chaperone-like activity (11, 12) . The results from several in vitro experiments (6, 8, 13) and early development of cataract in an ␣A-crystallin knockout mouse (14) have led to the formulation of the hypothesis that ␣-crystallin may be involved in the maintenance of eye lens transparency via its chaperone-like function. In view of the suggested physiological role for the chaperone-like function of ␣-crystallin, several studies carried out recently investigated the critical residues required for the chaperone-like function of ␣-crystallin subunits. The C-terminal region of ␣A-crystallin (15, 16) , Asp 69 of ␣A-crystallin (17), the mostly hydrophobic N-terminal phenylalanine-rich region in ␣B-crystallin (18) , and the Arg 120 of ␣B-crystallin (19) have all been suggested to be necessary for chaperone-like activity. We have reported that the residues 57-69 and 93-107 in ␣B-crystallins are involved in chaperoning ADH (10) .
It has been hypothesized that the hydrophobic sites in ␣-crystallin are responsible for the chaperone-like activity (20, 21) as in the case of molecular chaperone GroEL (22) . To determine the role of specific hydrophobic sites in ␣-crystallin, we have recently determined those sites using hydrophobic probes. We determined that residues 50 -54 and 79 -99 in ␣A-crystallin and residues 75-103 in ␣B-crystallin are bis-ANSbinding sites (23) . Because prior binding of bis-ANS to ␣-crystallin results in diminished chaperone-like activity (24), we concluded that the hydrophobic sites participate in chaperonelike activity of the protein. However, it is not clear which of the hydrophobic sites are also chaperone sites because there is disagreement between the residues necessary for chaperone activity and the bis-ANS-binding sites (15-19, 23, 25) .
Here we report the identification of chaperone sites in ␣-crystallin by cross-linking melittin and show that the melittinbinding site and the bis-ANS-binding sites overlap. For the first time we also show that a 19-amino acid peptide sequence from ␣A-crystallin, containing melittin and bis-ANS-binding sequences, possesses an anti-aggregating property similar to that of ␣A-crystallin. used in this study were synthesized by t-Boc chemistry at Research Genetics and purified by the reverse phase HPLC method. The peptide concentrations were determined by Biuret method. Melittin was purchased from Sigma and purified by reverse phase HPLC. The multifunctional cross-linker, sulfosuccinimidyl-2-[6-(biotinamido)-2-(p-azidobenzamido)-hexanoamido]-1,3Ј dithiopropionate (Sulfo-SBED) was from Pierce, and insulin and ADH were from Sigma. Citrate synthase was from Roche Molecular Biochemicals. All other chemicals were of the highest grade commercially available.
Identification of Melittin-binding Sites in ␣-Crystallin-5 mg of melittin was treated with Sulfo-SBED in 50 l of dimethyl sulfoxide for 30 min in the dark. Sulfo-SBED-melittin was purified using a Sephadex-G15 column and mixed with 40 mg of ␣-crystallin at room temperature for 1 h in the dark. The sample was photolyzed with UV lamp at 366 nm for 15 min on ice with stirring. The complex was purified on a Bio-Gel A 0.5 column. The ␣-crystallin-Sulfo-SBED-melittin complex was digested with trypsin (1:50 ratio) for 18 h at 37°C, after which trypsin was inhibited with diisopropyl fluorophosphate. The peptides released were reduced with dithiothreitol, and the biotin containing peptides were purified by Avidin-Sepharose chromatography according to the manufacturer's (Pierce) instruction. The peptides eluted from the avidin column were separated on a reverse phase C18 column using a 0 -60% acetonitrile gradient (23) . Using avidin-peroxidase and 4-chloro-1-naphthol, the presence of biotinyl group in peptides was confirmed. The peptides that gave a positive reaction with avidinperoxidase assay were sequenced at the Protein Core Facility of University of Missouri on an Applied Biosystems PROCISE CLC protein sequencing system.
Assay of Chaperone-like Activity-The capacity of the different peptides to protect against heat-induced denaturation of ADH was measured according to the procedure described earlier (9, 10) . Briefly, a known amount of target protein (200 -300 g) was heated in 50 mM PO 4 buffer, pH 7.0, and 0.1 M NaCl in the presence or absence of the different peptides in a final volume of 1.0 ml. The assays were performed at 48°C using ADH, at 37°C using insulin (9) , and at 42°C using citrate synthase (26) . The aggregation of denaturing proteins was monitored by measuring the apparent absorption caused by light scattering at 360 nm for ADH, at 400 nm for insulin, and at 320 nm for citrate synthase, as a function of time in a Shimadzu spectrophotometer equipped with multicell transporter with a Peltier temperature regulator.
Bio-Gel P-30 Size Exclusion Chromatography-A Biogel P-30 size exclusion column (1.5 ϫ 80 cm) chromatography was performed to test the complex formation between ADH and the peptide 1D. Briefly, ADH (2 mg) and the peptide (0.5 mg) were mixed in 1.0 ml of 0.05 M phosphate buffer, pH 7.0, and heated at 48°C for 1 h. After cooling, the sample was passed through the Bio-gel column equilibrated with 0.05 M PO 4 buffer, pH 7.0, containing 0.1 M NaCl. 2-ml fractions were collected at a flow rate of 10 ml/hr. Similarly, a control sample containing ADH and the peptide without heating was also processed simultaneously. Chromatography of the peptide alone was performed separately. The void volume (V o ) was determined using purified ␣-crystallin.
HPLC Analyses-The Biogel P-30 size exclusion chromatography peak fraction containing ADH (see Fig. 3b ) was treated with 4 M urea to dissociate the bound peptide. The solution was filtered through a 10-kDa Centricon filter to recover the released peptide. The filtrate was injected on to a Vydac C18 analytical column (218TP54) equilibrated with water ϩ 5% acetonitrile containing 0.1% trifluoroacetic acid (solvent A). The elution of the bound peptide was carried out with a linear gradient (0 -90%) formed by mixing of solvent A and solvent B (100% acetonitrile containing 0.1% trifluoroacetic acid). A flow rate of 1 ml/min over 45 min was maintained, and 1-ml fractions were collected. The elution was monitored at 220 nm for absorption. The molecular weight of the peptide was determined by matrix-assisted laser desorption/ ionization analysis at Research Genetics.
CD Spectroscopy of Peptide(s)-The far UV CD spectra of purified peptides were recorded at 25°C over the range of 200 -250 nm on an Aviv 62DS spectropolarimeter. To obtain a spectra, an aliquot of the peptide solution (0.9 -1.1 mM in 10 mM phosphate buffer, pH 7) was placed in a quartz cell of 0.01-cm path length. The spectra shown is the average of five scans after correcting for solvent blanks.
RESULTS AND DISCUSSION

Melittin and ADH Bind at the Same Site on ␣-Crystallin-
Earlier studies have shown that ␣-crystallin can bind insulin B chain, melittin, and denatured ADH (9, 10). To determine whether melittin (2.8-kDa polypeptide) and a larger protein such as ADH (140 kDa) bind to ␣-crystallin at the same chaperone site, we studied the chaperone-like property of ␣-crystallin-melittin complex in a thermal unfolding and aggregation assay using ADH. In this experiment ␣-crystallin was first mixed with a known amount of melittin according to (9) , and the ␣-crystallin-melittin complex was tested for chaperone-like activity using ADH. By examining the results shown in Fig. 1 , we concluded that melittin can block the binding of denatured ADH to ␣-crystallin. Peptides KIQTGLDATHAERAIPVS-REEKPTSAPSS (the C-terminal 29 amino acid residues of ␣-crystallin), bradykinin, or the DnaK-binding peptide NR-LLLTG (27) were not able to block the binding of ␣-crystallin to denaturing ADH (data not shown). This indicated that the melittin interaction with ␣-crystallin is at or near the denaturing protein-binding region. It is also possible that melittin binding to ␣-crystallin may have induced a conformational change in the protein, which in turn showed decreased protection of denaturing ADH. In concentrations used in the study, melittin alone showed no influence on the aggregation kinetics of ADH.
Identification of Melittin-binding Sites in ␣-Crystallin-Having established that melittin, a 2.8-kDa hydrophobic polypeptide, and the 140-kDa protein ADH bind to ␣-crystallin at a mutually exclusive site, we cross-linked melittin to ␣-crystallin using a tri-functional cross-linker, Sulfo-SBED (28). Using this cross-linker we determined the melittin-binding sites in ␣A-and ␣B-crystallins. We discovered that amino acid residues 13-21 and 71-88 in ␣A-crystallin and residues 70 -78 in ␣B-crystallin are the sequences that interact with melittin. The residues 71-78 of ␣A-crystallin represent the most hydrophobic region (29) and part of the bis-ANS-binding site in ␣A-crystallin (23). The melittin-binding site discovered now in ␣B-crystallin, residues 70 -79, is a bis-ANS-binding site (23) . Taken together, the above data suggest that the residues 71-88 in ␣A-crystallin and residues 70 -79 in ␣B-crystallin are at least part of chaperone sites. It has been shown in GroEL system that hydrophobic sites at the rim region of the oligomeric protein is responsible for binding denatured proteins by bis-ANS binding and site-directed mutagenesis studies (22, 30) . Because the exact quaternary structure of ␣-crystallin is not known, the precise location of the chaperone sites on this oligomeric protein can only be speculated. A sequence comparison of The sample containing melittin and ␣-crystallin was incubated at 48°C for 1 h to saturate the binding sites prior to the assay.
␣-crystallin subunits with that of the Methanococcus jannaschii sHSP 16.5, for which the crystal structure is available (31) , shows that the chaperone sites in ␣A-and ␣B-crystallins reported here, residues 71-88 and 70 -79, respectively, correspond to the two ␤ sheet regions ␤3 and ␤4 of sHSP 16.5. The ␤3 and ␤4 are solvent-accessible. Therefore, one can argue that the chaperone sites in ␣-crystallin are also solvent accessible and the denaturing proteins bind to the surface of ␣-crystallin molecule.
Synthesis and Characterization of the Peptide, Which Is a Functional Element in ␣A-Crystallin-Earlier we showed that melittin competed with ADH for a binding site on ␣-crystallin. Therefore we hypothesized that a synthetic peptide, representing an active site of ␣A-crystallin was likely to bind to denaturing ADH. The test results shown in Fig. 2A confirms that this was the case. The peptide KFVIFLDVKHFSPEDLTVK (residues 70 -88 of ␣A-crystallin, Peptide 1A) was able to prevent aggregation and precipitation of denaturing ADH. However, a peptide corresponding to the C-terminal sequence of ␣A-crystallin (KIQTGLDATHAERAIPVSREEKPTSAPSS, residues 145-173), presumed to be one of the regions responsible for the chaperone-like activity (15, 16) was ineffective in suppressing the aggregation of denaturing proteins. Likewise, hydrophobic peptides bradykinin and DnaK chaperone-binding peptide, NRLLLTG (27) , were inactive as anti-aggregating peptides (data not shown). An inverted sequence of Peptide 1A showed about one-tenth of the activity of the active peptide, suggesting a specific structural requirement for the anti-aggregation property of the peptide. These results show that the in vitro synthesized Peptide 1A is a functional element in ␣A-crystallin and can function independently. This was further confirmed by an in vitro experiment where prior binding of melittin to Peptide 1A was found to decrease the anti-aggregation property of the synthetic Peptide 1A (Fig. 2A) .
To determine the relative activity of the synthetic Peptide 1D (where the N-terminal Lys in Peptide 1A is replaced by Asp to increase solubility) and that of ␣A-crystallin, we tested the ability of Peptide 1D and isolated bovine ␣A-crystallin to suppress the aggregation of ADH in a thermal denaturation assay. The result is shown in Fig. 2B . The data show that whereas 2.7 M ␣A-crystallin was able to suppress the aggregation of 1.8 M ADH by 70%, 22 M Peptide 1D was needed to suppress the aggregation of 1.8 M of ADH to the same extent. Although the molar concentration of the peptide 1D required to suppress the aggregation of denaturing ADH was about 8-fold higher than that of ␣A-crystallin, this is first report that a 19-amino acid peptide displays anti-aggregation property similar to that of ␣A-crystallin in vitro. This also confirms that the chaperone site in ␣A-crystallin, determined by cross-linking melittin and bis-ANS is the true chaperone site. Peptide 1D and Peptide 1A also suppressed the aggregation of insulin B chain and heatdenatured citrate synthase (data not shown). It was reported earlier, that glutathione (10 -20 mM) strongly inhibits ADH aggregation (32) . However, in the present study when glutathione (22 M) was used in place of the peptide 1D, no inhibition of ADH aggregation was observed. Further, addition of peptide 1D (22-44 M) to the aggregated ADH did not solubilize the protein, suggesting that the peptide does not behave like a detergent.
After observing the anti-aggregating properties in a 19-amino acid synthetic peptide (Peptide 1A), we investigated the minimum sequence of Peptide 1A essential to exhibit this activity (Table I) . Although the removal of Lys from the N terminus of Peptide 1A did not result in a significant change in its functional activity, further deletion of amino acids from the N terminus completely abolished the property of Peptide 1A (Table I). The removal of DLTVK from the C terminus of Peptide 1A also completely abolished its function. Table II shows the results from a study involving peptides with substitutions at Functional Element in ␣A-crystallinthe N-terminal Lys or Phe 2 of Peptide 1A. Interestingly, the substitution of Asp for Lys at the N terminus increased the solubility of Peptide 1A without significantly altering its function. The substitution of Phe 2 of Peptide 1A with a neutral amino acid Gly (Peptide 1G) abolished Ͼ85% of the activity. When Tyr, an aromatic amino acid, was present at the second position in Peptide 1A, a 70% decrease in anti-aggregating property was observed. Furthermore, substitution with Arg for Phe at the second position resulted in complete loss of its function. These data show that an aromatic residue is necessary at the 2nd position in Peptide 1A to display anti-aggregation property. The ␣A-crystallin sequenced from all species to date have a highly conserved Phe in their sequence, corresponding to the Phe 71 of human protein.
Interaction of bis-ANS with
Peptide 1A or 1D-Studies with molecular chaperone GroEL have shown that hydrophobic sites in that protein are involved in the binding of refolding proteins (22) . Earlier studies have shown a correlation between ␣-crystallin hydrophobicity and its molecular chaperone properties (20, 21, 23) . The data included above and published earlier (23) show that the same sequence in ␣A-crystallin is involved in binding of bis-ANS and melittin and chaperone-like activity. This prompted us to test whether the peptide 1A can bind bis-ANS. The increase in the fluorescence of bis-ANS observed in the presence of peptide 1A was similar to that observed when ␣-crystallin is treated with bis-ANS (21, 24) . Similar data were obtained when peptide 1D and bis-ANS were used (data not shown). These data confirm that the chaperone sites represent hydrophobic site(s). The observation of bis-ANS binding to a 19-amino acid linear peptide was surprising, because binding of bis-ANS or other fluorescent probes to only synthetic cyclical peptides has been reported earlier (33, 34) .
Binding of Peptide 1D to ADH during Aggregation AssayVarious studies have shown that ␣-crystallin can prevent aggregation of proteins exposed to denaturing conditions and that during the process it binds and forms a complex with the denatured proteins (35, 36) . Similarly, to determine the mechanism of the peptide 1D anti-aggregation property, ADH and peptide were heated at 48°C for 1 h. After cooling to room temperature the mixture was passed through a Bio-gel P30 column. Fig. 3 (a and b) shows the elution profile of the ADH and peptide 1D before and after heating. In the sample without heating, the ADH eluted in the void volume region with a V e /V o value of 1.06. The peptide by itself eluted with V e /V o value of 1.86. After heating, the ADH ϩ peptide eluted in the same fractions as that of the unheated ADH, and the A 228 absorption was nearly equal to the sum of the components. The binding of the peptide 1D to ADH was also confirmed by urea dissociation, HPLC (Fig. 3b, inset) , and matrix-assisted laser desorption/ ionization analysis. The elution profile of the native peptide (V e /V o 1.86) is shown in Fig. 3c . These data show that the peptide binds to the thermally denatured ADH.
Structural Characterization of the Peptide 1D-The CD spectral analysis of Peptide 1D indicates a high degree of secondary structure, whereas the spectra of the same peptide in 6 M guanidine HCl shows no regular structure (Fig. 4) . The ellipticity trough at 215 nm suggests a high degree of ␤ sheet structure for the peptide. The CD spectra of the peptide shown in Fig. 4 is similar to that of ␣A-crystallin (7). Analysis of the CD data for peptide conformation (37) showed the following: ␣-helix ϭ 9% ␤-sheet ϭ 22% ␤-turns ϭ 39%, and random coil ϭ 28%. Previous studies (38) on the secondary structure of ␣-crystallin by CD show the presence of 6% ␣-helix, 39% ␤-sheet, 13% ␤-turns, and others (coils ϩ unordered) 41%. The peptide 1G, with Phe 2 3 Gly did not show secondary structure or antiaggregating activity (Table II) , suggesting a structural/conformational requirement for the function of the peptide. Therefore, we hypothesize that any age-related modifications occurring in vivo at the chaperone site that affect the secondary structure are likely to diminish the chaperone-like function of ␣A-crystallin. This may lead to an accelerated in vivo protein aggregation resulting in cataract.
Our results show that the N-terminal residues in the highly conserved ␣-crystallin domain of heat shock proteins are involved in chaperone-like activity. This is in contrast to earlier reports indicating that the ␣-crystallin domain alone has no chaperone activity (39, 40) . Other reports suggest an active role to the C terminus of the protein in chaperone-like activity display (15, 16, 41) . Another study with sHSP ␣B-crystallin reported that the N-terminal Phe-rich region is critical for chaperone-like activity (18) . A sequence alignment of the chaperone site described here with that of HSP16.5 (data not shown), for which a crystal structure is available (31) , shows that the ␣A-crystallin chaperone site reported here corresponds to the loop between two ␤ sheets ␤3 and ␤4, of HSP 16.5. This loop is localized outside the sphere of this multimeric protein, which would be expected to be accessible for interaction with target proteins. The cysteine scanning study reported recently also shows that the same sequence also exists in ␤-sheet format in ␣A-crystallin and is accessible during chaperone assays (42) . A corresponding sequence in plant protein HSP18.1 has also been found to bind bis-ANS and is predicted to be a chaperone site (43) . These data argue in favor of the presence of a common ancestral chaperone domain in sHSPs and the evolution of other domains for specific functions. The demonstration that a 19-amino acid peptide from the ␣A-crystallin domain possesses the hydrophobic site and anti-aggregation property suggests an important role for the ␣-crystallin domain of sHSPs in their function to suppress nonspecific aggregation of unfolded proteins.
